In view of reports on the involvement of high-molecular-weight (HMW) kininogen and high-density lipoprotein (HDL) in the Vroman effect, we studied the adsorption of fibrinogen, HMW kininogen, HDL and several other proteins from pooled human plasma and congenitally HMW kininogendeficient plasma onto glass and low-density polyethylene, both as a function of the plasma concentration and the contact time.
INTRODUCTION
One of the first events which take place after blood is exposed to an artificial surface is the adsorption of proteins. Subsequent cellular interactions with the surface will be largely determined by the amount, nature, and conformation of the adsorbed proteins. Adsorption experiments in which mixtures of purified albumin, IgG, and fibrinogen were used, revealed a preferential adsorption of fibrinogen.'r2 It has become clear, however, that data concerning the adsorption of proteins from relatively simple solutions may not be extrapolated to the adsorption of proteins from multicomponent mixtures such as plasma.
Studies by Vroman et al.3r4 have shown that initially adsorbed fibrinogen from plasma onto hydrophilic glass-like surfaces is no longer immunologically detectable after a few minutes of contact time. This "conversion" was markedly delayed in plasma lacking high-molecular-weight (HMW) kininogen, which suggests that initially adsorbed fibrinogen on hydrophilic surfaces is replaced by HMW kininogen. When hydrophobic substrates were incubated with normal plasma, "conversion" of fibrinogen was not observed. Using lZ5I-fibrinogen it was shown by Brash and ten Hove,' that "conversion" indeed refers to displacement of initially adsorbed fibrinogen with increasing contact time. Moreover, displacement of fibrinogen was not observed when 1 : 1000 diluted plasma was used. It has been suggested by V r~m a n ,~ that by diluting plasma sufficiently the concentration of HMW kininogen decreases to such a low value that adsorbed fibrinogen cannot be replaced anymore.
Several authors have r e p~r t e d~,~~ that the adsorption of fibrinogen from serial dilutions of plasma onto both hydrophilic and hydrophobic surfaces shows a maximum at a plasma dilution of 1 : 100-1 : 1000. As proposed by Horbettt7 both this plasma dilution effect and the above mentioned "conversion" process are called the "Vroman effect.' ' The effect of plasma dilution on the adsorption of fibrinogen may be explained in terms of displacement of initially adsorbed fibrinogen by HMW kininogen at high plasma concentrations (Vroman, see above) . However, Breemhaar et a1.2 have suggested that a preferential adsorption of HDL may also contribute to the low adsorption of fibrinogen (and other proteins) from undiluted plasma onto polymer surfaces like PVC and polystyrene.
The present study deals with the involvement of HMW kininogen and HDL in the Vroman effect. By means of a two-step enzyme-immunoassay we studied the adsorption of fibrinogen, HMW kininogen, HDL and several other proteins from plasma onto glass and polyethylene, both as a function of the plasma concentration and the contact time. Moreover, the fibrinogen adsorption from HMW kininogen-deficient plasma and from mixtures of purified (1ipo)proteins was examined.
MATERIALS AND METHODS

Test device
The two-step enzyme-immunoassay was performed in a test device ( Fig. 1) consisting of a stainless-steel bottom plate provided with nine screw pins and a teflon upper part containing 24 cylindrical holes with a diameter of 10 mm. Between the bottom plate and the upper part either a polymeric film (13 x 9 cm) or two glass plates (5 x 9 cm) were placed, after which the device was put together with wing nuts. Leakage from the wells was prevented by 24 silicon rubber sealing rings which were fitted in between the test surface and the teflon upper part. The test surface area and the contents of each well were 0.9 cm2 and 800 pL, respectively.
Test surfaces
Low-density polyethylene sheets (Talas, Ommen, The Netherlands) with a thickness of 0.05 mm were ultrasonically cleaned for 15 min in a 1% (v/v) detergent solution (RBS 25, Hicol, Rotterdam, The Netherlands), followed by extensive rinsing with distilled water and ethanol, respectively. Glass plates (hard glass type 7059, Corning, New York, USA) with a thickness of 2 mm were cleaned by immersion during 15 h in a mixture of fuming hydrochloric acid (100 mL) and fuming nitric acid (33 mL), followed by extensive rinsing with distilled water and ethanol, respectively. Before use, the polyethylene sheets and glass plates were air-dried. These two cleaning treatments are routinely used in our laboratory and have previously been shown, e.g., by means of water contact angle measurements before and after treatment, to be effective.'
Plasma and purified plasma proteins
In preliminary experiments using single-donor plasmas, protein adsorption was found to be dependent on the plasma batch used, presumably due to differences in protein concentrations. To avoid the use of plasmas with an abnormally high or low concentration of a certain protein, we used pooled plasma which might be expected to contain physiological concentrations of each protein. Blood from 15 healthy male donors was anticoagulated with 130 mM sodium citrate; the anticoagulant to blood ratio was 1:9 (v/v). Plasma was prepared by centrifugation (15 min at 1570g, followed by 15 min at 3000g), pooled and stored at -30°C.
Human fibrinogen was obtained from Kabi (Grade L, Stockholm, Sweden) and further purified by chromatography on aminohexyl-Sepharose 4B (Pharmacia, Uppsala, Sweden) as previously described.' The purified fibrinogen preparation was extensively dialysed against PBS, concentrated by dehydration against Sephadex 200 (Pharmacia) and stored in aliquots (28 mg/mL) at -30°C. The fibrinogen concentration was determined using A280 nm, 1 cm, 1% = 15.5." The purified fibrinogen was more than 98% clottable (5 U/mL thrombin, 10 min, 37°C). Before use, the purified fibrinogen was centrifuged for 5 min in an Eppendorf centrifuge in order to remove possible aggregates.
Lipoproteins were isolated from human plasma by density gradient ultracentrifugation according to Redgrave et al." with some modifications. Fresh plasma (from a single donor) was prepared from blood anticoagulated with 1/10 volume of 130 mM sodium citrate as described above. After addition of the protease inhibitor phenylmethylsulphonylfluoride (0.1 mM) and 0.1% NaN,, 50 mg sucrose and 770 mg KBr were dissolved in 2 mL plasma in a polycarbonate tube. Subsequently, solutions of KBr and NaCl with densities of respectively 1.21 (2.6 mL), 1.10 (3 mL), 1.019 (2 mL), and finally distilled water (2 mL) were added. After ultracentrifugation (Sorvall SW 40 Ti, 36000 rpm, 20 h, 15OC), fractions of 0.5 mL were collected of which the density was determined by means of a MettledPaar DMA 45 density meter provided with a DMA 602 M density measuring cell. The HDL and LDL containing fractions were pooled, extensively dialysed against PBS and stored at 4°C after filtration through a 0.2 pm filter (Flow Laboratories, Herts, UK). The apo A1 (HDL) and apo B (LDL) concentrations were determined according to Havekes et al.12r '3 and amounted to 0.70 mg/mL and 0.75 mg/mL, respectively.
A 20% solution of human serum albumin (HSA), containing less than 5% a-and P-globulines, was obtained from the Central Laboratory of the Netherlands Red Cross Blood Transfusion Service (CLB, Amsterdam).
Purified native (single chain) HMW kininogen (0.6 mg/mL) and congenitally HMW kininogen-deficient plasma (George King Biomed. Inc., Overland Park, USA) were kindly provided by Dr. B. N. Bouma (Dept. of Haematology, University Hospital, Utrecht, The Netherlands). The purified HMW kininogen preparation has been extensively chara~terized.'~
Enzyme-immunoassay reagents
Rabbit sera directed against human fibrinogen, fibronectin, factor VIII, IgG, HSA and apo B (LDL) were obtained from the CLB. Rabbit serum directed against human apo A1 (HDL) was purchased from Behringwerke AG (Marburg, FRG). Purified goat antibody (1.8 mg/mL) directed against the light chain of human HMW kininogen was kindly provided by Dr. F. van Iwaarden (Dept. of Haematology, University Hospital, Utrecht, The Netherlands). Before use in the enzyme-immunoassay, appropriate dilutions of the antisera (1 : 100, except for anti-apo A1 which was diluted 1 : 10) and the anti-HMW kininogen solution (1 : 2000) were made in first antibody buffer consisting of 150 mM NaCl, 50 mM Tris, 0.2% (w/v) gelatin (Merck, Darmstadt, FRG), 0.02% (w/v) Tween-20 (Sigma, St. Louis, MO), 0.5% (w/v) bovine serum albumin (BSA, Sigma), pH 7.5.
Sheep anti-rabbit IgG and rabbit anti-goat IgG both conjugated to horseradish peroxidase were obtained from United States Biochemical Co. (Cleveland, OH). These conjugates were diluted 1 : 200,000 and 1 : 6,000, respectively, in conjugate buffer, which had the same composition as the first antibody buffer except for a 10-fold higher concentration of BSA (5%). When glass was used as the substrate for the adsorption of proteins, high blank values of the enzyme-immunoassay (see next section) were observed due to a high nonspecific adsorption of the enzyme-labeled sheep antirabbit IgG, which could be prevented by replacing the 5% BSA in the conjugate buffer for 10% normal sheep serum (CLB).
The leuko dye solution consisted of 165 pL 3,3',5,5'-tetramethylbenzidine (Fluka AG, Buchs, Switzerland) (6 mg/mL DMSO) and 10 mL 0.11 M sodium acetateicitric acid pH 5.5. Shortly before use, 10 pL of a 3% H,O, solution was added as the enzyme substrate.
Protein adsorption and enzyme-immunoassay procedure
The entire procedure was carried out at room temperature. In order to prevent the formation of an air-liquid-solid interface which may induce protein denaturation, the 24 wells of the test device were filled with 200 p L PBS. Subsequently, 200 p L plasma, protein solution or dilutions of these in PBS were added. Wells which were filled with 400 p L PBS were used as blanks. During pipetting of the test samples, the end of the pipettor tip did not touch the test surface and was kept under the liquid surface. After gently mixing using the pipettor, the wells were covered with tape. The wells were also covered after the successive steps of the enzyme-immunoassay procedure.
At selected times, the protein solutions were removed and the test surfaces were rinsed four times with 800 p L PBS containing 0.005% (w/v) Tween-20. This rinsing solution was also used after the subsequent steps. Next, the wells were filled with 200 p L first antibody solution. After 1 h, the wells were rinsed four times and subsequently 200 p L peroxidase-labeled second antibody was applied. Contact time was again 1 h.
After rinsing two times, the Teflon upper part of the test device was replaced by a clean one in order to prevent the detection of protein which had been adsorbed to the inner walls and the sealing rings. Subsequently, the surfaces were rinsed two more times after which the wells were filled with 200 pL substrateileuko dye solution. The enzymatic color reaction was carried out in the dark for 30 min and was terminated by addition of 100 p L 4 N sulphuric acid. Part of the dye solution (250 pL) was transferred into a well of a 96 wells plate (NS Nunc, Roskilde, Denmark) and the absorbance was measured at 450 nm by means of a multiscanner (Reader Micro Elisa System, Organon Teknika, Turnhout, Belgium).
RESULTS
Protein adsorption from normal pooled plasma
Protein adsorption from serial dilutions of normal pooled plasma to polyethylene and glass after a contact time of 1 h is shown in Figures 2a,b and 3a,b, respectively. Except for the adsorption isotherms of HDL on poly- POOT ET AL. The absence of error bar indicates that the standard deviation of the data was smaller than the size of the symbol. respectively. When 1 : 1 diluted plasma was used, plateau values for the adsorption of both fibrinogen and HDL were reached within 1 min of contact time. Adsorption kinetics of fibrinogen and HDL from 1 : 1000 diluted plasma showed that plateau values were reached after 5 and 30 min of contact time respectively. When polyethylene was incubated with 1 : 1 diluted plasma, the amount of initially adsorbed HMW kininogen decreased during the first minute of contact time and stabilized thereafter. However, when 1 : 1000 diluted plasma was used the adsorption of HMW kininogen increased with increasing contact time and reached a plateau after 5 min. The steady-state adsorption of both fibrinogen and HMW kininogen from 1:lOOO diluted plasma to polyethylene was higher than from 1 : 1 diluted plasma, whereas at both plasma dilutions the plateau values for the adsorption of HDL were similar. Note that the absolute values of the A450 measurements shown in Figures 2 and 3 are higher than those depicted in the subsequent figures, which is due to a decrease of the enzymatic activity of the peroxidaselabeled second antibody over a period of several months (see Discussion). The adsorption kinetics of fibrinogen, HDL, and HMW kininogen from 1 : 1 and 1 : 1000 diluted plasma to glass are shown in Figures 5a,b , respectively. When 1 : 1 diluted plasma was used, the amounts of initially adsorbed fibrinogen and HDL decreased during the first few minutes of contact time and stabilized thereafter, whereas the adsorption of HMW kininogen almost instantly reached a plateau. Adsorption kinetics of fibrinogen and HDL from 1 : 1000 diluted plasma showed that plateau values were reached after 10 min of contact time while the adsorption of HMW kininogen increased with increasing contact time up to 60 min. The steady-state adsorption of both fibrinogen and HDL from 1 : 1000 diluted plasma to glass was higher than from 1 : 1 diluted plasma. Moreover, during the entire con- tact time of 60 min the adsorption of HMW kininogen from 1 : 1 diluted plasma was higher than from 1 : 1000 diluted plasma.
Protein adsorption from HMW kininogen-deficient plasma
The fibrinogen adsorption from serial dilutions of HMW kininogendeficient plasma to glass after a contact time of 1 h showed an adsorption maximum at a plasma dilution of 1 : 100-1 : 1000 as was observed with normal plasma (Fig. 6a) . At a plasma dilution of 1 : 1, the adsorption of fibrinogen from HMW kininogen-deficient plasma was higher than from normal plasma. Moreover, the decrease of the amount of initially adsorbed fibrinogen with increasing contact time, as was observed with 1: 1 diluted normal plasma, was markedly less when HMW kininogen-deficient plasma was used (Fig. 6b) . The fibrinogen adsorption from HMW kininogen-deficient plasma to polyethylene was not significantly different compared to the adsorption from normal plasma (see Figs. 2a and 4a ).
Protein adsorption from mixtures of purified proteins
When polyethylene was incubated for 1 h with serial dilutions of mixtures containing fibrinogen and either HDL, LDL, HSA, or HMW kininogen, only the mixture of fibrinogen and HDL showed a significant decrease of the fibrinogen adsorption with increasing protein concentration (Figs. 7a-d) .
When similar experiments were carried out with glass as a substrate for the adsorption of proteins, none of the mixtures showed a significant de- , . I . , . .
crease of the fibrinogen adsorption with increasing protein concentration (Figs. 8a-d) .
DISCUSSION
In the present study the adsorption of proteins was detected by means of a modified version of the two-step enzyme-immunoassay which has been developed by Breemhaar.lS By using specific antibodies in the first step of the assay, the method allows a very simple and fast detection of a variety of adsorbed (1ipo)proteins from complex mixtures such as plasma. Moreover, the enzyme-immunoassay is very sensitive compared to other detection methods." A limitation of the technique is that the detection of adsorbed (1ipo)proteins is only semiquantitative.
The procedure as originally described by Breemhaar was changed in several respects. In the present study the test surfaces were wetted with PBS before protein adsorption was initiated in order to prevent the formation of an air-liquid-solid interface which m.ay lead to the deposition of a layer of denatured proteins (16). By using dilution buffers which differed in comp~sition'~ from those in the original procedure, a lower non-specific adsorption of either first antibody or enzyme-labeled second antibody has been obtained. Due to these changes in the dilution buffers the concentration of Tween-20 in the washing buffer could be reduced tenfold, thereby diminishing the risk of desorption of hydrophilic proteins adsorbed to hydrophobic substrates. l5 Using this modified procedure, we studied the adsorption of fibrinogen, fibronectin, factor VIII, IgG, HSA, HDL, LDL, and HMW kininogen from serial dilutions of normal pooled plasma onto glass and polyethylene. It was found that except for the adsorption isotherms of HMW kininogen on glass and HDL on polyethylene which reached plateau values at high plasma concentrations, all other isotherms showed adsorption maxima at plasma dilutions of 1 : 100-1 : 1000. Similar isotherms for the adsorption of fibrinogen, IgG, HSA, and HDL on PVC and polystyrene;' fibrinogen on glass and p~lyethylene;'-~ and fibronectin on polystyrene'* have been reported. The high level of the adsorption plateau for HMW kininogen on glass and the high adsorption maximum for HMW kininogen on polyethylene does not necessarily reflect an increased surface concentration of HMW kininogen, but may be due to the use of different kinds of first antibody and conjugate as compared to the antibodies used for the detection of the other proteins. For the same reason, the low adsorption plateau for HDL on polyethylene may be due to the use of a different kind of first antibody (see Materials and Methods). It has to be emphasized that the enzyme-immunoassay is only semiquantitative: one may not extrapolate differences in A450 determined for distinct proteins, to differences in the actual amounts of the proteins present on the surface. Moreover, a decrease of the enzymatic activity of the peroxidase-labeled second antibody in course of time (several months) gives rise to differences in the absolute values of the A450 measurements for a certain protein in identical experiments. This inconsistency may be overcome by simultaneous determination of the protein adsorption from a standard protein solution each time an enzyme-immunoassay is performed. Adsorption kinetics showed that the amount of initially adsorbed fibrinogen from 1 : 1 diluted normal plasma onto glass decreased with increasing contact time, whereas the adsorption of HMW kininogen almost instantly reached a plateau. Moreover, the "conversion" of initially adsorbed fibrinogen onto glass was markedly less when 1 : 1 diluted HMW kininogen-deficient plasma was used. Thus, our results with respect to the adsorption of fibrinogen from plasma onto glass, both as a function of the plasma concentration and the contact time, are in agreement with the concept that HMW kininogen is involved in the displacement of initially adsorbed fibrinogen. In 1 : 1000 diluted normal plasma the concentration of HMW kininogen is decreased below effective levels to displace fibrinogen. This is supported by our kinetic data for the fibrinogen adsorption from 1 : 1000 diluted plasma onto glass, which show that the adsorption of fibrinogen increases with increasing contact time until a plateau is reached.
It must be mentioned that Slack and Horbett" and Slack et a1.20 found no significant differences in the adsorption of fibrinogen from normal human plasma and HMW kininogen-deficient plasma onto glass after 2 h at 37°C. However, the latter authors2' also reported enhanced fibrinogen adsorption onto glass from HMW kininogen-deficient plasma relative to that from normal plasma if the experiment was performed for 5 min at 25°C. These findings indicate the importance of the experimental conditions, most probably the contact time, in studies regarding the Vroman effect.
HMW kininogen circulates in plasma non-covalently complexed with prekallikrein and factor XI. Upon exposure of plasma to a surface which initiates contact activation (e.g., glass), HMW kininogen binds to the surface thereby facilitating the proteolytical activation of prekallikrein and factor XI by surface activated factor XII." The generated kallikrein in turn will enzymatically activate more factor XII. In addition, kallikrein has been shown to cleave HMW kininogen resulting in the liberation of bradykinin and the formation of two-chain HMW kininogenIz2 which has an increased ability to bind to the surface. 23 Brash et al.24 recently presented evidence that this kallikrein-activated HMW kininogen is the active component in the Vroman effect. Furthermore, they showed that upon digestion by activated factor XI, the activity of HMW kininogen in the Vroman effect was lost. Our results which show that the adsorption of purified fibrinogen to glass is not affected by the presence of purified single-chain HMW kininogen, are in agreement with these findings.
The results reported in this paper do not indicate that HMW kininogen is involved in the displacement of fibrinogen which is adsorbed onto polyethylene. On the contrary, adsorption kinetics presented here show that when polyethylene is incubated with 1 : 1 diluted normal plasma, the adsorption of fibrinogen reaches a plateau, whereas the amount of initially adsorbed HMW kininogen decreases with increasing contact time. These results are in agreement with the original qualitative observation reported by Vroman et ~d . ,~ that fibrinogen is "converted" on hydrophilic but not on hydrophobic surfaces. Using the same qualitative technique, Schmaier et al. 25 showed that after incubation of plasma for 10 min on glass, adsorption of H M W kininogen was detectable whereas no adsorption of fibrinogen could be observed. When PVC was used, however, fibrinogen was present on the surface whereas HMW kininogen was not detectable. Similar results have been obtained by Elwing et a1.26 using ellipsometry on oxidized and silanized silicon.
Our results indicate that the low adsorption of fibrinogen (and other proteins) from plasma onto polyethylene may be due to a preferential adsorption of HDL. Except for the adsorption isotherm of HDL on polyethylene which reached a plateau, the isotherms of all other proteins studied showed adsorption maxima at plasma dilutions of 1 : 100-1 : 1000. Adsorption isotherms of fibrinogen, which were obtained by incubating polyethylene and glass with serial dilutions of a mixture of fibrinogen and HDL, only showed an adsorption maximum for fibrinogen when polyethylene was used. These findings extend the observations reported by Breemhaar et al. ,' who showed similar maxima for the adsorption of fibrinogen when PVC and polystyrene were incubated with serial dilutions of a mixture of fibrinogen and HDL.
In summary, the data presented here are in agreement with the concept that HMW kininogen is involved in the displacement of fibrinogen, which is almost instantly adsorbed from normal plasma onto glass. On hydrophobic polymers like polyethylene the adsorption of fibrinogen at high plasma concentrations may be relatively low due to a preferential adsorption of HDL. Adsorption kinetics showed that the adsorption of both fibrinogen and HDL from 1 : 1 diluted plasma onto polyethylene reached a plateau, which indicates that initially adsorbed fibrinogen is not displaced by HDL. In this respect the tentative explanation of the Vroman effect which is given by Cuypers et al.27 might be relevant. These authors presented an adsorption model in which the equilibrium association constant of a certain protein is dependent on the overall surface concentration of adsorbed proteins, which is expressed by an interaction term. It was shown that due to differences in interaction terms for different proteins, the ratio of adsorbed proteins may be strongly dependent on the overall surface concentration, even if the ratio of the proteins in solution is kept constant (serial dilution).
According to Horbett," the Vroman effect is a characteristic feature of all mixed surfactant systems. Upon adsorption to a surface, proteins may undergo a transition from the native conformation to a denatured or "spread state. Due to differences in the rate of transition for different proteins, initially adsorbed fibrinogen from plasma may be displaced from the surface by competing proteins which require more time to "spread" completely. At low plasma concentrations, the occupancy of available adsorption sites on the surface is low, and adsorbed fibrinogen may "spread" on the surface without competition from other proteins. Slack and Horbett recently reported" that the adsorption of fibrinogen from binary mixtures of fibrinogen and Triton X-100, oxyhemoglobin, and albumin reaches a maximum at intermediate mixture dilutions, similar to the adsorption of fibrinogen from serial dilutions of plasma. Although these experiments were not physiologically relevant (e.g., requirement of an albumin to fibrinogen ratio of 100: l), the authors hypothesized that the Vroman effect may be due to the combined action of many surface-active proteins present in plasma. Our results show that the adsorption isotherms for common plasma proteins such as albumin, IgG, fibronertin, and factor VIII on both glass and polyethylene also reach maxima at intermediate plasma concentrations, which suggests that these proteins are displaced from the surface at high plasma concentrations. However, they may be actively involved in the Vroman effect by displacing each other. Using glass as a substrate for adsorption, Vroman and ad am^^^ found that proteins displace each other in the following sequence: albumin, IgG, fibrinogen, fibronectin, HMW kininogen, and factor XII. As shown in the present paper, this sequence is not likely for the adsorption of proteins from plasma onto hydrophobic polymers like polyethylene.
In order to account for the competition and "spreading" of adsorbing protein molecules in a kinetic model of protein adsorption, the proteidsurface association "constants" should vary with the residence time of the proteins on the surface and should be dependent on the surface concentrations and adsorbing properties of competing proteins.
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